The construction and electrochemical response characteristics of poly(vinyl chloride) matrix ion-selective electrodes (ISEs) for dextromethorphan (DXM) hydrobromide are described. The membranes incorporate ion-association complexes of DXM with reineckate salt {[Cr(NH3)2(SCN)4]NH4} or phosphomolybdic acid [H3(PMo12O40)], as electroactive materials and dioctylphthalate or dibutylsebacate as a plasticizing solvent mediator. The sensors display a fast, stable and linear response with slopes of 54.4 to 59.5 mV/decade at pH 2.5 -6.5 and a detection limit of 1.0 ¥ 10 -6 M. Moreover, the sensors exhibit very good selectivity for DXM over opiate alkaloids, as well as organic and inorganic cations. The sensors proved to be useful for the determination of 5.0 ¥ 10 -5 -1.0 ¥ 10 -3 M DXM hydrobromide in pure as well as in dosage forms by direct potentiometry and standard addition methods. Determination of 5.0 ¥ 10 -4 M DXM using the standard addition method and a sensor based on phosphomolybdate and dioctylphthalate shows an average recovery of 99.8% and a relative standard deviation (RSD) of 0.4%.
Introduction
Over the counter (OTC) drugs are those available on demand to consumers without prescriptions, perceived as being exceptionally safe. Because the use of OTC products is unrestricted, they are more likely to be abused by members of an unsuspecting general public who inadvertently become dependent due to excessive self-medication. Also, various OTC medicines are employed by street drug users to produce psychoactive effects in their own right, and users may experiment with different preparations to try to find an effect to their liking. Therefore, the improper use of such medicines is not only damaging to individual health, but it is also harmful to society in many profound ways.
Dextromethorphan (d-3-methoxy-17-methylmorphinan, DXM) is the d-isomer of the codeine analog, levorphanol, a highly effective non-opioid antitussive drug widely available in OTC cough and cold remedies, usually in the form of hydrobromide salt, and has a wide margin of safety. Meanwhile, at higher doses than therapeutic, DXM has psychoactive properties consistent with those of phencyclidine (PCP) because of its metabolite, dextrorphan, which binds to the same central nervous system receptor as phencyclidine. 1 Although DXM abuse has been recognized for several years, referred to as the "poor man's PCP", there has been a remarkable increase in its abuse, especially among adolescents and young adults in recent years. 2, 3 The ease of availability, social acceptability and low cost made DXM an inexpensive alternative to an illegal drug, methylenedioxymethamphetamine derivative, (another ecstasy). 4 Due to the medical importance of DXM and its widespread use, several analytical methods have been employed for the determination of DXM in the bulk drug, in the dosage forms with other drugs in cough-cold products and in biological fluids.
Most of those analytical methods imply chromatographic techniques, such as high-performance liquid chromatography, [5] [6] [7] [8] high-performance liquid chromatography-mass spectrometrymass spectrometry, 9,10 gas chromatography, 11, 12 gas chromatography-mass spectrometry 13, 14 and high-performance thin-layer chromatography. 15 Capillary electrophoresis 16, 17 and multiwavelength and derivative spectrophotometry 18, 19 have also been reported for the determinations of DXM. However, many of these methods require several time-consuming manipulation steps, sophisticated instruments and special training.
On the other hand, the increasing trend of DXM abuse over recent years has created the need for highly selective and precise analytical methodologies. Recently, the development and application of new electrochemical sensors continues to be a rapidly growing area of analytical chemistry, and various types of polymer membrane based ion-selective electrodes (ISEs) have been successfully applied in pharmaceutical analysis. 20, 21 The greatest challenge in this field is the combination of simplicity, low cost, relatively fast response, reasonable selectivity, low detection limit, high accuracy, wide concentration range, and applicability of selective electrodes to colored and turbid solutions. Although several ion-selective electrodes for the determination of many abused drugs have been cited, [22] [23] [24] to the best of our knowledge there is no potentiometric sensors rather than potentiometric titrations 25, 26 are available in the literature to date for DXM determination.
This work deals with the construction of membrane sensors that ensure the determination of DXM with a low detection limit and good selectivity. The sensors consist of dextromethorphanreineckate or dextromethorphan-phosphomolybdate ion-association complexes embeded in a PVC polymer matrix plasticized with dioctylphthalate or dibutylsebacate. The electrodes' performance characteristics (e.g., slope, response time, pH effect and selectivity) were studied and the determination of DXM in pharmaceutical dosage forms has also been investigated.
Experimental

Reagents and materials
Dextromethorphan (DXM) hydrobromide was obtained from ICN Biomedicals Inc., Aurora, Ohio (see Fig. 1 for chemical structure).
Pharmaceutical preparations including tablets (tussilar) and syrup (codiphan) were supplied by local pharmaceutical companies: Kahira and Nile Co. for Pharmaceuticals and Chemical Industries, respectively. Phosphomolybdic acid (PMA), ammonium reineckate (RN) and dibutylsebacate (DBS) were obtained from Sigma Chemical Co., St. Louis, MO. Tetrahydrofuran (THF) and dioctylphthalate (DOP) were purchased from British Drug Houses, Poole, England. High molecular weight PVC was obtained from Aldrich Chemical Co. Milwaukee, WI. A stock solution (1.0 ¥ 10 -2 M) of DXM hydrobromide was prepared by dissolving 0.3523 g in 100 ml of doubly distilled water. Dilute drug solutions (5.0 ¥ 10 -3 -1.0 ¥ 10 -6 M) were prepared by appropriate dilutions of the stock solution, and kept in airtight brown bottles. A 1.0 ¥ 10 -2 M solution of each interferent was prepared by dissolving the proper weight into 100 ml of doubly distilled water. All solutions of both DXM and interferents were adjusted at pH 5. Solutions (10 -2 M) of PMA and reineckate were prepared by dissolving an accurate weight of the reagent in a minimum volume of doubly distilled water, followed by filtration and dilution to 100 ml. All chemicals used were of analytical reagent grade, unless otherwise specified, and doubly distilled water was used throughout.
Apparatus
All potentiometric measurements were made at 25 ± 1˚C with an Orion digital ion analyzer 420A pH/mV using an Orion double-junction Ag/AgCl reference electrode (90-02) containing 10% (w/v) potassium nitrate in the outer compartment in conjunction with the proposed drug sensor. An Orion Ross pH electrode (Model 81-02) was used for pH adjustment.
Dextromethorphan ion association complexes
DXM-PM and DXM-RN ion-association complexes were prepared by mixing 30 ml (10 -2 M) of a DXM aqueous solution with 10 ml (10 -2 M) of phosphomolybdic acid or 30 ml (10 -2 M) of a reineckate aqueous solution, respectively with continuous stirring.
The formed precipitates were filtered, washed thoroughly with double-distilled water, dried at room temperature and finally ground to a fine powder. These ion association complexes were used as electroactive materials in the proposed sensors. The reineckate reacts with DXM to form a 1:1 ion-pair complex (C22H32CrN7OS4), while in the case of DXM-PM (C54H78N3PMo12O43) the ratio is 3:1, as confirmed by elemental analysis. For DXM-RN, the values found are C = 44.75, H = 5.26 and N = 16.16% compared with the calculated C = 44.73, H = 5.46 and N = 16.59%. In the case of DXM-PM, the values found are C = 25.1, H = 2.9 and N = 2.1% compared with the calculated C = 24.6, H = 2.9 and N = 1.6%.
Sensors preparation and electrochemical system
A 10-mg portion of the prepared ion-association complex (DXM-PM or DXM-RN) was thoroughly mixed with 370 mg of a plasticizing solvent mediator (DOP or DBS) and 190 mg of PVC in a glass Petri dish (5 cm diameter). The mixture was dissolved in 5 ml of THF and left to stand overnight to allow slow evaporation of THF at room temperature. A master membrane with an average thickness of ~0.1 mm was obtained, and disks (~4 mm o.d.) were punched from the master membrane and glued to PVC tubing with a THF/PVC slurry for the sensor assembly, as previously described. 27 
Sensor calibration
The sensors were calibrated by spiking with successive aliquots of standard solutions into a 1.0 ¥ 10 -6 M solution of the calibrant. Alternatively, the calibration was carried out by immersing the DXM membrane sensors in conjunction with a double-junction Ag/AgCl reference electrode into a 50-ml beaker containing 20 ml aliquots of 1.0 ¥ 10 -7 -1.0 ¥ 10 -2 M aqueous DXM hydrobromide solutions, starting from low-tohigh concentrations. The emf values of the stirred solutions were recorded after stabilization to ±0.5 mV and plotted as a function of the logarithm of the DXM concentrations. The obtained calibration plots were used for subsequent determinations of unknown DXM concentrations.
Determination of DXM in pure sample and pharmaceutical preparations
Pure sample: Aqueous solutions of DXM hydrobromide equivalent to 5.0 ¥ 10 -5 , 1.0 ¥ 10 -4 , 5.0 ¥ 10 -4 and 1.0 ¥ 10 -3 M were prepared. Tablets: twenty tablets (tussilar, 10 mg per tablet) were accurately weighted, powdered and the required weights were dissolved in the minimum volume of doubledistilled water. The solution was filtered into a 100-ml calibrated flask, and diluted to the mark with double-distilled water. Syrup: accurate volumes of Codiphan syrup (10 mg/5 ml) were transferred to a 100-ml measuring flask to obtain the required concentrations as pure and tablet samples; a 10-ml aliquot of the drug solution was potentiometrically measured as described and the potential reading was compared with the calibration plot. Alternatively, the standard addition method was used by measuring the potentials displayed by the drug test solution before and after the addition of a 0.1-ml aliquot of 5.0 ¥ 10 -2 M standard DXM hydrobromide solution. The change in the electrode potential (DE) was recorded and used to calculate the concentration of the drug. 29 
Results and Discussion
Optimization of potentiometric response of the sensors
Membrane sensors incorporating DXM-PM or DXM-RN as electroactive materials and DOP or DBS as a solvent mediator, dispersed in a poly(vinyl chloride) matrix with the composition of 1.8 wt% ion exchanger, 64.9 wt% plasticizer and 33.3 wt% PVC, were constructed. The performance characteristics of the proposed sensors, based on data collected over a period of 10 weeks, were evaluated according to IUPAC recommendations. 30 The results were subjected to linear-regression analysis, according to Eq. (1) using the computer program Microsoft Excel 2002, 31 and summarized in Table 1 . A typical calibration graph of DXM sensors is shown in Fig. 2 .
where S and C are the slope (mV/decade) and the intercept (mV) of the sensor calibration plot, respectively. It is well-known that the nature of the solvent mediator as well as the chemical composition of the ion-exchanger significantly influence the sensitivity, linearity and selectivity of the polymeric membrane sensors. To investigate the effect of the nature of the ion exchanger, reineckate and phosphomolybdate were tested as ion-pairing agents for the preparation of electroactive ion association complexes of DXM. Two different plasticizers (DOP and DBS) were also tested to study the effect of a plasticizer. According to Fig. 2 and Table 1 , it was quite obvious that sensor (I) incorporating phosphomolybdate and plasticized with DOP was found to give the best response behavior in terms of a slope of 59.5 mV/decade (which is close to the theoretical Nernstian value) and a wide response linear range (2.0 ¥ 10 -6 to 1.0 ¥ 10 -2 M). On the other hand, a membrane sensor (IV) incorporating reineckate with DBS plasticizer exhibited the poorest response characteristics; it gave a sub-Nernstian slope of 54. , 7.6 ¥ 10 -6 and 1.3 ¥ 10 -5 M for sensors (I), (II), (III) and (IV), respectively. The low limits of detection observed for sensors (I) and (II) were probably due to the high molecular weight of the ion-exchanger site; phosphomolybdate, as compared with that of reineckate utilized for sensors (III) and (IV). 29 As expected, in the presence of the same exchanger, the sensors plasticized with DOP or DBS exhibited approximately the same performance characteristics. It should be noted that different plasticizers are commonly applied to the polymer matrix in order to decrease its viscosity, to provide mobility of the membrane constituents within the membrane phase and to influence the dielectric constant of the membrane phase. The closeness of the dielectric constant of DOP (e = 5.1) and DBS (e = 4.5) explains the relative similarity of the response characteristics of DXM sensors formulated with DOP and DBS. The poor results for sensors incorporating reineckate and DBS can be ascribed to the low solubility or low distribution of DXM-RN ion pairs in this solvent. It is noticed that the ion exchanger plays a key role in the response of the proposed DXM sensors.
Freshly prepared sensors must be soaked in their respective standard solutions before use. This preconditioning process requires different times, depending on the diffusion and the equilibration at the electrode test solution interface; a fast establishment of equilibrium is certainly a condition for a fast potential response. 32 Nevertheless, it was observed that continuous soaking of the proposed sensors in a 10 -2 M aqueous DXM hydrobromide solution negatively affects their responses to DXM, and eventually leads to a decrease in their responses towards DXM over time. This could be attributed to a leaching out of one or more of the membrane components to the bathing solution. However, it was noticed that the optimal conditioning time of all investigated sensors is about 2 h. The life spans of the sensors were investigated by performing calibration plots periodically with standard solutions of DXM hydrobromide, and calculating the response slopes. The sensors exhibited constant and stable potential readings within ±1.0 mV from day to day. Noticeably, the sensors can be used continuously with highly reproducibility, as revealed by the low relative standard deviation values of the slope, over a period of about 8 and 6 weeks for membranes incorporating PM and RN as ion 1 ¥ 10 -6 1.6 ¥ 10 -6 7.6 ¥ 10 -6 1. exchangers, respectively. During this period, the sensors were washed with water after each application and kept dry in air at room temperature when not in use.
Another important feature of the sensors, beside the sensitivity and the linear response, is the speed of their response towards the primary ion. Therefore, the average time required for the DXM membrane sensors to reach a steady potential response within ±1 mV of the final equilibrium value after successive immersion in a series of DXM solutions, each having a 10-fold difference from low-to-high concentrations was measured. 33 It was found that the response times of the four sensors were as fast as 10 s, at higher concentrations ≥1.0 ¥ 10 -4 M DXM and within 30 s for the lower concentrations. This is most probably due to the rapid exchange kinetics of DXM + ions with the ionpair complexes at the test solution-membrane interface. The potentials remained constant for more than 6 min, after which only a very slow divergence was recorded.
Effect of the pH
The pH effect of the test solution on the potentiometric response of the proposed sensors was investigated by recording the emf values of the sensors in 1.0 ¥ 10 -4 M DXM hydrobromide solutions over the pH range of 2 -10; high pH values could not be studied as the heteropoly compounds begin to depolymerize and dissolve easily at relatively high pH values. The pH of this solution was altered by adding very small volumes of 0.1 M hydrochloric acid or sodium hydroxide solutions; for each pH value, the potential was recorded and the potential-pH profiles for the investigated sensors were constructed. As illustrated in Fig. 3 the electrode potential is practically independent of the pH within the pH range 2.5 -6.5. The considerable decrease of the potential observed at pH values higher than 6.5 is due to the decreased concentration of the protonated form of DXM, or due to the interference of OH -, while the sharp increase of the emf at a pH below 2.5, indicating that the membrane sensors respond to hydrogen ions.
Selectivity
One of the main characteristics of a selective sensor is its preference for the target ion, DXM, over an interfering ion, j, which is expressed in terms of the potentiometric selectivity coefficient, KDXM,j. It is well-known that the selectivity of ionpair association based membrane sensors depends on the selectivity of the ion-exchange process at the membrane-test solution interface, the mobilities of the respective ions within the membrane and mainly the hydrophobic interactions between the primary ion and the membrane. 34 The degree of interference of several opiate and non opiate alkaloids, amino acids, xanthines, amides and inorganic cations was determined by the matched potential method (MPM). [35] [36] [37] This method is totally independent of the Nikolskii-Eisenman equation, the power term problem for ions of unequal charge disappears, and reflects the practically observed response of the sensor to various ions. In this method, the selectivity coefficient, KDXM,j MPM , is defined as the ratio of the primary ion concentration (DaDXM) relative to the interfering ion concentration (aj) that gives the same potential change at a constant background of primary ion:
where a¢DXM is a known activity (concentration) of the DXM solution added into a reference solution containing a fixed activity; aDXM (5.0 ¥ 10 -5 M DXM) to generate a potential change of DEMF = 4.0 mV. As can be seen from Table 2 , the values of log KDXM,j MPM reflect the high selectivity of the proposed sensors towards DXM. Sensor (I) possesses the best selectivity over the other sensors. The most interesting selectivity feature of the proposed sensors is their response to DXM with respect to opiate alkaloids in spite of the fact that DXM is the d-isomer of the codeine analog, levorphanol, as mentioned earlier. This can arise from the fact that the selectivity is governed by the relative lipophilicity of the target, and interfering ions as this influences their ability to form complexes with the anionic site in the membrane. 38 Morphine, codeine and ethylmorphine possess higher hydrophilicity; low lipophilicity, as compared to DXM, is presumably due to the presence of an OH hydrophilic group at position 6 in their backbones. Also, the DXM sensors are highly discriminatory against ephedrine and norephedrine, which sometimes added to antitussive drugs. The other interferents, including glycine, alanine, urea, salicylamide, theobromine, caffeine, barium, calcium, sodium and ammonium, induced a negative potential drift, which can be related with confidence to variations of the target ion concentration, indicating a lack of interference. This is probably due to the low lipophilicity, the small ionic size, and consequently the low mobilities and permeabilities, particularly for the inorganic cations, compared with that of DXM. Furthermore, the obtained results showed that the selectivity of Table 2 ).
Analytical applications
The reliability of DXM sensors for the determination of 5.0 ¥ 10 -5 -1.0 ¥ 10 -3 M standard aqueous solutions of DXM hydrobromide equivalent to 50.0 -1000.0 mM as well as drug dosage forms in replicate measurements using direct potentiometry and the standard addition method are shown in Table 3 . In direct potentiometry, the mean recoveries of the drug in the tablets are 100. 4 The F-test reveals that there is no significant difference between the means and the variances of potentiometric sets of results. It is worth mentioning that the recoveries obtained using the proposed method were successfully compared with that of the US Pharmacopeia, which depends on HPLC. 39 A calculation of the student' t value at the 95% confidence limit (P = 0.05) of the proposed method and the standard method shows that the t values do not exceed the theoretical value, indicating no significant difference between the two sets of results.
The validation of the proposed potentiometric methods for determining DXM was assessed by measuring the range, lower limit of detection (LOD), accuracy (recovery), precision or repeatability (CVw), between-day-variability (CVb), linearity (correlation coefficient) and the sensitivity. The results show good performance characteristics of the proposed sensors in terms of the sensitivity, selectivity, accuracy, response time, and durability.
Conclusions
The proposed sensors, based on phosphomolybdate and reineckate as cation exchangers, offer a valuable technique for the determination of dextromethorphan in pure solutions as well as in dosage forms. Regarding the sensitivity, linearity, selectivity and low detection limit, sensors incorporating phosphomolybdate possess the best behavior, emphasizing the superiority of the phosphomolybdate ion exchanger as compared with reineckate. The good agreement between data obtained by the developed sensors and the standard Pharmacopoeal method confirms the applicability of these potentiometric sensors for the analysis of controlled drugs, and offers an alternative, cost-effective, simple approach with high precision, accuracy, simplicity and rapidity.
